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Introduction
Chromosomal locus 6q23 is strongly linked to type 2 diabetes (T2DM) and related features including insulin secretion in various ethnic populations [1] [2] [3] . Particularly, the family study in nonobese diabetic Finns subjects pointed out the primary β-cell defect linked with this locus coincident with linkage analysis results for fasting and 2-hour insulin in subjects without diabetes [1] . Ectonucleotide pyrophosphatase phosphodiesterase (ENPP1) is a well characterized positional candidate gene for T2DM at chromosome 6q23 identified in a number of whole-genome association studies [4] [5] [6] .
Another interesting candidate gene coding the connective tissue growth factor (CTGF) is located 100 kb distant from diabetes-associated ENPP1 polymorphism K121Q. CTGF is a secreted protein integrating several growth factor-signalling pathways including TGF-β, Wnt and bone morphogenetic protein signaling [7, 8] . Loss of CTGF function results in defective islet morphogenesis in animal embryos and leads to a dramatic decrease in beta-cell proliferation at late gestation [8] . Diabetes-induced fibrosis is characterized by elevated CTGF expression in multiple organs including kidney, arteries and heart [9] [10] [11] , and hyperglycemic hyperinsulinemia induces CTGF gene expression in pancreatic stellate cells [12] . Stellate cells in pancreas, as well as in liver, are involved in the tissue repair, but their persistent activation lead to fibrosis [13] . Pancreatic islet cell fibrosis is one of the major factors leading to progressive β-cell loss in T2DM [14] . Interestingly, CTGF activates pancreatic stellate cells through a specific integrin receptor [15] , and thus may participate in the regulation of the β-cell mass in T2DM. However, nothing is known about the impact of CTGF genetic variations on pancreatic β-cell function. Therefore, we investigated the occurrence and potential influence of genetic variation in the CTGF gene on diabetes pathogenesis.
We investigated the association of a common CTGF polymorphism on diabetes risk in the prospective casecohort study of the European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam cohort and in an independent cross-sectional Metabolic Syndrome Berlin Potsdam (MESYBEPO) study from the same geographical region of Germany. In addition, the association between the CTGF polymorphism and noninvasive markers of beta-cell area derived from oral glucose tolerance test [16] was investigated in both MESY-BEPO and in Tübingen Family Study (TÜF Study).
Subjects and methods
Cohorts
All studies have been approved by the local ethic authorities: the Ethical Committees of the State of Brandenburg and Berlin (EPIC-Potsdam study) and University of Potsdam and Charité Medical University of Berlin, Germany (MESYBEPO study) and the University of Tübingen (TÜF study).
We performed a case-cohort study within the prospective EPIC-Potsdam cohort involving 27,548 Caucasian volunteers, mainly aged 35-65 years, from the general population [17] . The baseline examination included anthropometric measurements, blood sampling, a self-administered validated food-frequency questionnaire, and a personal interview on lifestyle habits and medical history. Follow-up questionnaires have been administered every 2 to 3 years to obtain information on current medication and newly developed diseases, including T2DM [18] . All potentially incident cases of diabetes identified in the course of followup were verified by questionnaires mailed to the diagnosing physicians asking about the date and type of diagnosis, and information on diagnostic tests, and kind of treatment carried out. Only subjects with a physicians' diagnosis of T2DM (ICD10:E11) and diagnosis date after the baseline examination were considered as confirmed incident cases of type 2 diabetes. The casecohort selected from the EPIC-Potsdam study population comprised 801 incident diabetes cases confirmed within a mean follow-up time of 7.1 ± 1.8 years and a subcohort of 2322 randomly selected persons from the EPIC-Potsdam cohort described in detail before [19] . 74 incident diabetes cases belonged to the subcohort. Thus, the study comprised 801 incident cases and 2248 non-cases.
In the cross-sectional MESYBEPO study, the baseline examination of participants recruited from the general population of the Berlin-Brandenburg area in Germany included anthropometric measurements, blood sampling, a 75 g oral glucose tolerance test (OGTT) for 120 min and a personal interview on lifestyle habits and medical history [20] . In MESYBEPO study, we genotyped CTGF polymorphism in 1026 subjects and restricted the number of subjects to 991 participants regarding followed criteria to avoid the T2DM misclassification: body mass index (BMI) below 50 and age about 35 years. This study included subjects with T2DM (n = 227), impaired glucose tolerance/impaired fasting glucose (IGT/IFG, n = 299) and normal glucose tolerance (NGT, n = 440). Baseline characteristics of the study population e.g. insulin and C-peptide levels during OGTT, OGTT-derived indexes of insulin secretion and insulin sensitivity are presented in details previously [20] .
The TÜF study consists of 1826 non-diabetic subjects with increased risk for T2DM (mainly positive family history of diabetes). All participants underwent an OGTT with measurement of glucose, insulin and Cpeptide levels every 30 minutes during 3 hour. This cohort included 1279 subjects with NGT and 547 subjects with IFG, IGT or both [21] .
SNP genotyping
CTGF single nucleotide polymorphism (SNPs) rs9493150 was selected for analysis on the basis of the high heterozygosity (0.340) and localization in the 5' untranslated region [22; NCBI SNP database, available at http://www.ncbi.nlm.nih.gov/SNP]. Although this polymorphism locates 1.7 kb from the start codon, upstream from identified transcription factor binding sites of CTGF promoter [23] , it might influence basal and induced CTGF expression by the trans-regulatory mechanism.
In the MESYBEPO cohort, we genotyped CTGF polymorphism in 1026 subjects. DNA was extracted from blood cells using Magnasep magnetic beads (Agowa, Berlin, Germany). Genotyping of SNPs was performed using TaqMan assay-on-demand (Applied Biosystems, Forster City, CA, USA) by means of an ABI 7900HT on 384 well plates. Details of genotyping will be given by the authors upon request. The genotype success rate for all SNPs was > 97%, and genotyping error was 0.5%. In the TÜF study, the rs9493150 of the CTGF gene was genotyped using the iPLEX MALDI-TOF mass spectrometry (Sequenom, San Diego, CA). To monitor the sequenom test reproducibility and accuracy, samples of 25 individuals were bisequenced for the selected SNP with an ABI Prism 310 genetic analyser (Applied Biosystems).
Statistical analysis
In the EPIC-Potsdam cohort, associations of SNPs with T2DM risk were calculated as relative risks (RRs) stratified by age using Cox proportional-hazards regression models modified according to the Barlow method [24] to account for the case-cohort design with adjustment for gender and BMI. In the MESYBEPO study, genotype frequencies for the SNP were tested against diabetes prevalence as a dichotomous trait using logistic regression for the calculation of genotypebased odds ratios (OR) adjusted for age, gender and BMI.
Analysis of quantitative traits was performed in the MESYBEPO and TÜF cohorts separately, following with combined analysis of both populations. For this aim, linear regression analysis was performed. Nonnormally distributed variables were log transformed before analysis. The nominal significance level was 0.05. Effect sizes for the power 95% detectable in the combined analyse of the MESYBEPO and Tübingen studies (n = 2598) were 8% in the additive model and 14% in the dominant model. Power calculation was performed in the additive inheritance model by F-tests and in the dominant inheritance model by two-tailed t-tests (G*power software available at http://www.psycho.uni-duesseldorf.de/aap/projects/ gpower/). Statistical analyses were performed with SAS release 9.1 (SAS Institute, Cary, NC) and SPSS 14 (SPSS Inc., Chicago, IL). In the TÜF study JMP 8 (SAS, Cary, NC, USA) was used.
Results
In all studied cohorts, the CTGF rs9493150 polymorphism was in Hardy-Weinberg equilibrium. The displayed risk allele frequency was similar with data of the NCBI SNP database and with data of previously published study [22] : 26.2% in the MESYBEPO cohort, 25 .8% in the EPIC-Potsdam cohort (Table 1) and 28.3% in the TÜF study. The subcohort of EPIC-Potsdam was representative for the entire cohort and thus included 74 incident cases. Those were considered as "cases" in Cox regression models accounting for the case-cohort design together with the "external" incident cases of the remainder cohort. Regression models were calculated using adjustment for gender and BMI in EPIC-Potsdam cohort and for age, gender and BMI in MESYBEPO study. In the EPIC-Potsdam cohort no association with T2DM risk was observed (RR = 0.77 CI (0.49-1.20), p = 0.249 for the recessive vs. dominant homozygote) ( Table 1 ). In the cross-sectional MESYBEPO study, we observed a trend to relationships with T2DM risk in the analysis of the non diabetic (NGT+IFG/IGT) vs. diabetic subjects (OR 0.64, 95 % CI 0.39-1.05, p = 0.077 for recessive vs. dominant homozygote, with adjustment for age, gender and BMI). After additional adjustment for waist circumference, used as a marker of abdominal obesity, no significant association with T2DM risk were observed in both cohorts (data not shown). Because of the design of the TÜF study, which included individuals without diabetes, no analyse of diabetes risk association was made in this population.
We next examined whether CTGF polymorphism rs9493150 is associated with variations in the Cpeptide-to-glucose ratio which was used in our study as non-invasive marker of pancreatic beta-cell area. The recent study of Meier et al. [16] demonstrated that the C-peptide-to-glucose ratio after oral glucose ingestion or even in the fasting state is a best predictor of pancreatic beta-cell area in comparison to other established indexes of insulin secretion. In the MESYBEPO study, non-diabetic individuals with the CC-genotype had a lower C-peptide/glucose ratios than those with CG or GG-genotype (p = 0.005 for fasting values and p = 0.017 for values of 30 min after oral glucose loading in the crude model). This relation remained unchanged after adjustment for age, gender and BMI (p = 0.004 and p = 0.024, respectively; Table 2 ) and in the analysis of the whole MESYBEPO study including diabetic individuals (data not shown).
However, in the TÜF study, no significant effect of CTGF polymorphism on the C-peptide/glucose ratio was revealed (p = 0.426 for fasting values and p = 0.573 for 30 min values after adjustment for age, gender and BMI; Table 2 ).
Moreover, we performed combined analysis of the MESYBEPO and TÜF studies to test the effect of CTGF polymorphism on C-peptide to glucose ratios (0 min, 30 min and AUC). Based on the multiple metabolic abnormalities observed in diabetic subjects, we carried out the statistical analysis only in the subcohort of non-diabetic subjects (n = 2598). In this subcohort, the risk allele of rs9493150 had no effect Non diabetic subjects (n = 2598; NGT, n = 1740 and IGT and/or IFG, n = 858) from two German studies were analyzed. Data are adjusted for age, gender, BMI and centre effect.
on metabolic traits measured in the OGTT (Table 3) . Interestingly, analysis of subjects only with impaired glucose homeostasis (IGT and/or IFG) revealed the reduced beta-cell secretion parameters in CC carriers, but these differences were not statistically significant (Table 3) , both before and after adjustment for sex, age, BMI and centre effects. Moreover, homozygous carriers of the C-allele had a trend to the lower BMI (Table 3 ).
Discussion
In the present study we investigated potential effect of a common genetic variant in the CTGF gene on the T2DM frequency in two independent German populations. Neither in the cross-sectional MESYBEPO study nor in the prospective EPIC-Potsdam cohort a significant association with increased diabetes risk was found. In addition, the association of OGTT-derived markers of beta-cell area with single genetic marker in CTGF was examined in two German populations from different geographical region. In spite of the observed reduced C-peptide to glucose ratio in the recessive homozygote carriers in the MESYBEPO study, we were unable to identify statistically significant associations of these disturbances with the here studied gene polymorphism in a combined analysis of the MESYBEPO and TÜF populations.
Interestingly, homozygote carriers of C-allele of CT-GF SNP demonstrated a trend to lower BMI that might contribute to the finding that no association of the polymorphism with T2DM risk was observed. A comparable effect was described for a GIPR polymorphism by Saxena et al. [25] which was associated with 2-h glucose levels and decreased insulin secretion, but not with T2DM, possibly due to significantly lower BMI in risk allele carriers.
Some limitations of our study need to be mentioned. Firstly, in this study, we focused exclusively on the rs9493150 variant of the CTGF gene. Although we aimed to investigate a clear a priori defined hypothesis, we cannot exclude that other polymorphisms in the genomic region of CTGF might be relevant for T2DM susceptibility and beta-cell area.
Furthermore, in spite of sufficient power to detect moderate changes of beta-cell function, our study might be underpowered to identify smaller alterations. Indeed, the detection of small changes of quantitative diabetic traits (plasma insulin, glucose etc) requires the analysis of very large cohorts including meta-analyses of genome-wide association studies [26] . Therefore, further investigations in considerably larger cohorts are needed to test the influence of genetic variations within locus 6q23 on pancreatic beta-cell function.
In summary, no association of a common polymorphism in the CTGF gene with T2DM risk was identified in two independent German cohorts. The risk allele of rs9493150 showed no effect on surrogate OGTTderived markers of beta-cell area in the combined analyse of the MESYBEPO and Tübingen populations. We thank all study participants for their cooperation and A. Wagner, S. Grosch, M. Hannemann and K. Sprengel for excellent technical assistance. We gratefully acknowledge Mrs. June Indertal for the English spell check of the manuscript.
